Introduction
============

Global cancer incidence is projected to raise from 10.3 million cases in 1996 to 14.7 million in 2020. The good news is that between 30--40 % of all cases of cancer are preventable by feasible and appropriate diets, physical activities, and maintenance of appropriate body weight according to the 2005 expert report summary commissioned by World Cancer Research Fund (WCRF) and the American Institute for Cancer Research (AICR) \[[@b1-ijerph-03-00174]\]. Specifically, breast cancer is the second leading cause of cancer-related deaths of women. One in every eight women will be diagnosed with the disease in her life time in the U.S \[[@b2-ijerph-03-00174]\]. Upon diagnosis, and confirmation of malignancy, in most cases, either by core needle biopsy or fine-needle aspiration cytology, the general conventional treatment practices include breast-conserving surgery plus radiation therapies, mastectomy, mastectomy plus reconstruction, and chemotherapies. Treatment selection is based on several factors such as: tumor stage, proliferative activity of the primary tumor, estrogen receptor (ER) and progesterone receptor (PR), and human epidermal growth factor receptor (HER) status and others. Although, these treatment strategies have provided some benefits for cancer patients, yet evidence continues to emerge that increasing number breast cancer patients are combining the use of botanicals with convention conventional therapies \[[@b3-ijerph-03-00174]\]. The premise of the health benefits of botanicals is based partly on the inverse relationship between the consumption of plant products, especially in the form of fruits and vegetables and cancer risks of many sites \[[@b4-ijerph-03-00174]--[@b16-ijerph-03-00174]\] furthermore, many cancer chemotherapies trace their origins to botanicals, and additional candidates, including the anticancer aqueous *Venonia amygdalina* (VA) extracts (from a Nigerian edible plant) first described by Izevbigie et al., \[[@b17-ijerph-03-00174]\], are being evaluated in various laboratories. Pre-clinical studies show that low concentrations (IC~50~ = \~6 μg/ml for DNA synthesis inhibition) of aqueous soluble leaf extracts of a Nigerian edible plant, (VA)*,* potently retard the proliferative activities of human breast cancerous cells in vitro in a concentration-dependent fashion \[[@b17-ijerph-03-00174]\]. Since then, we have also shown that the anti-proliferative activities of VA are extracellular signal-regulated kinases 1/2 (ERKs 1/2)-dependent \[[@b18-ijerph-03-00174]\]. Others have reported the presence of thionins in some plant extracts \[[@b19-ijerph-03-00174]--[@b20-ijerph-03-00174]\]. These thionins function by altering the cell membrane permeability, efflux, and cytoplasmic activities resulting in cell death \[[@b21-ijerph-03-00174]--[@b25-ijerph-03-00174]\]. Thionins, low-molecular-weight proteins occurring in seeds, stems, roots, and leaves of a number of plant species, are the active components that elicit the cytotoxic effects against bacteria, fungi, and some eukaryotic cells \[[@b21-ijerph-03-00174], [@b26-ijerph-03-00174]\]. More than eight families of antimicrobial peptides, ranging from 2--9 kD have been identified in plants; these are thionins, defensins, so-called lipid transfer proteins, hevein-and--knottin-like peptides, MBP1, IbAMP, and Snakins \[[@b27-ijerph-03-00174]\]. Here, we sought to provide additional insights on the VA mode of action by evaluation of cell membrane permeability and efflux in VA treated MCF-7 cells. We hypothesized that *VA* exposure may compromise cell membrane resulting in alteration of efflux. We are reporting here that exposure of cells to VA decreased \[^3^H\] thymidine uptake (p \< 0.05) but increased \[^3^H\] thymidine release into the medium (p \< 0.05) in a concentration-dependent fashion. Thus suggesting alteration in membrane permeability of the VA treated cells. These findings represent yet another mode of action by which VA elicits its anticancer effects.

Materials and Methods
=====================

Human breast tumor cell line MCF-7 purchased from ATCC. Fetal Bovine Serum (FBS) and Phosphate Buffered Saline (PBS) were purchased from Gibco BRL (Grand Island, NY). \[^3^H\]thymidine (1mCi/ml) was purchased from ICN Pharmaceuticals (Irving, CA). All other chemicals were obtained from Sigma Chemical Company (St. Louis, MO)

V. amygdalina Preparation
-------------------------

Pesticide-free fresh VA leaves were collected in Benin City, Nigeria. Following Good Agricultural Practices (GAP), leaves were rinsed with distilled water and air-dried under a shade. The dried leaves were packed in a bag and stored 4°C for transportation to the U.S. within 3 days. Upon arrival in the U.S., the leaves were removed from the bag, placed in a container of distilled water (1:1) ratio, macerated, and kept at 4°C overnight. The mixture was then filtered through a clean white piece of cloth to remove the particulate matter before filtration through a 0.45μm filtration unit for sterilization. The resulting solution was lyophilized and stored at −20°C

Cell Culture
------------

MCF-7 cells were grown at densities of 5 × 10^5^ and 4 × 10^4^ cells in 100 mm and 35 mm diameter tissue culture plates for the cell count and \[^3^H\]thymidine incorporation studies respectively. The cells were propagated in RPMI 1640 medium supplemented with 10% FBS and 1% pen/strep/fungisome mixture in a humidified incubator under an atmosphere of 95% air and 5% CO~2~ at 37°C. Fresh medium was supplied every 48 hrs.

Cell Proliferation Studies
--------------------------

Cells at the logarithmic growth phase were treated with different concentrations (0--1000 μg/ml) VA with the appropriate controls. Twenty four hours following treatments, duplicate 100 mm diameter plates were randomly selected for cell counts. The medium was aspirated from cultures and the cells were washed twice with PBS pH 7.4. The resulting cell monolayers were treated with 1 ml trypsin per 100 mm diameter plate and incubated briefly at 37°C. The cells were viewed microscopically to ensure a complete cell detachment. The cells were then re-suspended in RPMI 1640 medium and counted with hemacytometer.

DNA Synthesis Assay
-------------------

DNA synthesis was determined by \[^3^H\]thymidine incorporation assay in the presence and absence of 10% FBS. For DNA synthesis in the presence of serum, the proliferating cells were stimulated with different concentrations (0--1000 μg/ml) VA for 18 hrs and incubated with 1μCi/ml \[^3^H\] thymidine/35 mm well for an additional 6 hrs. Parallel experiments were conducted in the absence of serum, the cells were grown to sub-confluence in medium containing 1% pen/strep/ fungisome and 10% FBS, then serum starved for 24 hrs for synchronization. Fresh serum-free medium was provided to the cells and then treated with various concentrations (0--1000 μg/ml) for 18 hrs. One μCi/ml \[^3^H\] thymidine was added to each 35 mm well. The cells were grown for an additional 6 hrs. All incubations were terminated by aspirating off the culture medium, and performing three sequential washes with ice cold PBS, pH 7.4, followed by the addition of 2 ml / 35 mm of ice-cold TCA at 4°C for 10 min to fix the cells. The cells were then washed three times with ice-cold distilled water and then solubilized with 1ml of 0.5 M NaOH at 37°C for 30 min. After solubilization, a sample of 0.5 ml per 35 mm well was transferred to scintillation vials, 5 ml of scintillation cocktail was added to each vial, and radioactivities were determined using a scintillation counter.

Membrane Permeability and Efflux Determination
----------------------------------------------

Parallel experiments were conducted using cells at the logarithmic phase of growth to evaluate the effect of VA on cell permeability and efflux. The cells were treated with 0, 30, or 100 μg/ml VA for 18 hrs, followed by a tritium-challenge for another 6 hrs. The medium was aspirated and cells were washed three times with ice cold PBS (pH 7.4) and overlaid with medium. The cells were incubated at 37°C for 1 hr, and aliquot samples were taken for radioactivity determination.

Statistical Analysis
====================

Results are expressed as the mean ± SEM of values obtained either in duplicate or triplicate from at least three independent experiments. Differences between treatments were compared by Student's t test; P values \< 0.05 were considered significant. When more than two means were compared, significance was determined by one-way ANOVA followed by the multiple comparisons using the Student-Neuman-Keul's test.

Results
=======

Time-Dependent Cell Growth
--------------------------

[Figure 1](#f1-ijerph-03-00174){ref-type="fig"} shows that cells propagated at a density of 5 × 10^5^ cells per 100 mm diameter plate attained confluence at day 8.

The doubling phase started at day 3 (3,382,500 cells) and persisted through day 5 (10,532,500) cells per 100 mm diameter plate.

Inhibition of Cell Growth by VA in the Presence and Absence of Serum
--------------------------------------------------------------------

[Figure 2](#f2-ijerph-03-00174){ref-type="fig"} shows that the exposure of cells to increasing concentrations of VA inhibited cell growth in the presence and absence of serum. One hundred and thousand microgram per milliliter (100 and 1000 μg/ml) inhibited growth about 0.2 (p \< 0.05) and 15-fold \[(p \< 0.001) (N=6)\] in the presence of serum (blue bars). This finding corroborates previous findings by Izevbigie and colleagues \[[@b17-ijerph-03-00174]\]. The cells were more VA-sensitive under serum-free milieu: 1 and 10 μg/ml VA inhibited cell growth by 40 and 54 % under serum-free conditions compared to 6 and 7 % respectively in the presence of serum. At 1000 μg/ml) no cell survived under serum-free conditions. In contrast, 6% of the cells survived in the presence of serum.

Inhibition of DNA Synthesis by VA in the Presence and Absence of Serum
----------------------------------------------------------------------

As shown in [Figure 3](#f3-ijerph-03-00174){ref-type="fig"}, the treatment of cells with VA inhibited DNA synthesis in a concentration-dependent (0--1000 μg/ml) fashion. Ten (10), 100, and 1000 μg/ml VA inhibited DNA synthesis 46, 85, and 97 % respectively. Similar concentrations of VA inhibited DNA synthesis 0, 66, 97 % under serum-free conditions compared to controls.

Effects of V. Amygdalina Treatment on Membrane Permeability and Efflux
----------------------------------------------------------------------

The exposure of cells to VA decreased \[^3^H\]thymidine incorporation (uptake) in a concentration-dependent manner with 13-fold inhibition at 30 μg/ml (p \< 0.001) and more than 30-fold (p \< 0.0001) at 100 μg/ml VA ([Figure 4a](#f4-ijerph-03-00174){ref-type="fig"}). \[3H\]thymidine uptake was approximately 113,633; 8698; and 3708 counts per minute (cpm) for 0, 30, and 100 μg/ml VA treated cells respectively ([figure 4a](#f4-ijerph-03-00174){ref-type="fig"}). \[^3^H\]thymidine release was approximately 1992, 648, and 412 cpm for 0,30, and 100 μg/ml respectively ([figure 4b](#f4-ijerph-03-00174){ref-type="fig"}). *V. amygdalina* increased \[^3^H\]thymidine release into the medium \[^3^H\]thymidine release was expressed as a percentage of \[^3^H\]thymidine uptake (1.7, 7.4, and 11.0%) for 0, 30, and 100 μg/ml VA ([figure 4c](#f4-ijerph-03-00174){ref-type="fig"}); thus suggesting that the membranes of VA-treated cells were compromised. This observation is consistent with previous reports that plant extracts may contain small cystein-rich peptides that may disrupt membrane architecture of the cell and thus compromise permeability and efflux control \[[@b21-ijerph-03-00174]--[@b25-ijerph-03-00174]\].

Discussion
==========

*V. amygdalina* (VA), member of the compositae family, is a small shrub that grows in the tropical Africa. In Nigeria, VA is commonly called bitter leaf due to its bitter taste. The VA leaves are consumed either as a vegetable (macerated leaves in soup) or aqueous extracts as tonic for the treatment of various illnesses. Many herbalists and local healers in Nigeria prescribe aqueous VA for their patients. These herbalists may be right as increasing evidence suggests that the aqueous VA does possess some biologically-active components that may provide health benefits to patients suffering from the following diseases: bacterial-induced periodontal diseases \[[@b28-ijerph-03-00174]\]; liver diseases\-\-- Babalola and colleagues \[[@b29-ijerph-03-00174]\] used serum enzymes such as alanine amino transferase (ALT), ornithine carbamoyl transferase (OCT), and aspartate amino transferase (AST) as markers of liver toxicity - these enzymes were modulated by the VA extracts; and cancer \[[@b17-ijerph-03-00174]--[@b18-ijerph-03-00174],[@b30-ijerph-03-00174]\] by modulation of biotransformation enzymes (P450) and extracellular signal-regulated kinase 1/2 (ERKs 1/2) activities. Izevbigie and colleagues \[[@b18-ijerph-03-00174]\] were the first to show one mode of action (ERKs signaling pathway) of possibly many pathways to explain VA anticancer effects mechanistically. Evidence for thionins, low-molecular-weight proteins occurring in seeds, stems, roots, and leaves of a number of plant species as active components that elicit a wide range of activities from antimicrobial to cytotoxicity in eukaryotic cells \[[@b21-ijerph-03-00174],[@b26-ijerph-03-00174]\]. The thionins are believed to form channels on the cell plasma membrane surface to alter the cell efflux, depolarization and subsequent cell death. In the present studies, we confirmed the growth-inhibitory activities of VA extracts in the presence and absence of serum ([Figure 2](#f2-ijerph-03-00174){ref-type="fig"}) previously reported by (Izevbigie and colleagues \[[@b18-ijerph-03-00174]\] who reported an IC~50~ value of 20 μg/ml VA as determined by cell counts compared to about an IC~50~ value of 218 μg/ml (10-fold increase) obtained in the present study. The only plausible explanation we have for the discrepancy in VA extracts potencies is batch variation\-\-- extracts in this study came from a different batch with probably a lower activity. However, the DNA synthesis experiments showed a lower IC~50~ value of 12 μg/ml in cells cultured in the presence of serum compared the 5.6 ± 0.2 previously reported \[[@b18-ijerph-03-00174]\]. There was a shift in IC~50~ value from left to right (approx. four-fold) increase when cells were grown in the absence of serum. The reason is partly due to the fact that activity (DNA inhibition) of the VA-treated cells was compared to control whose growth was already compromised due to serum withdrawal ([figure 3](#f3-ijerph-03-00174){ref-type="fig"}). Next, we hypothesized, as the literature suggests that plant extracts such as VA, may elicit part of their actions by compromising cell membrane permeability and efflux. To test this, VA-treated and control MCF-7 cells were challenged with \[^3^H\]thymidine for 6 hrs. \[^3^H\]thymidine release by VA-treated cells versus control cells were assessed. As shown in [figure 4A](#f4-ijerph-03-00174){ref-type="fig"}, the exposure of cells to VA decreased \[^3^H\]thymidine uptake in a concentration-dependent fashion (0 = 113,633; 30 = 8698; and 100 μg/ml VA = 3708 cpm) at highest concentration of 100 μg/ml by 30-fold (p \< 0.0001) but increased \[^3^H\]thymidine release, expressed as percent of \[^3^H\]thymidine uptake, into the medium 6-fold (p \< 0.05) [figure 4c](#f4-ijerph-03-00174){ref-type="fig"}. The amount of \[^3^H\]thymidine released into the medium (% of uptake) was 1.7, 7.4, and 11 % for 0, 30, and 100 μg/ml VA respectively. Taken together, these data suggest that VA exposure compromised the cell membranes in a concentration-dependent fashion which is in agreement with previous investigators that components of plant products such as roots, leaves, barks etc may interact with cell membrane, form ion channels which may depolarize cells and subsequent death \[[@b20-ijerph-03-00174]--[@b24-ijerph-03-00174]\]. In conclusion, we have previously reported that VA inhibits the growth-promoting pathway of extracellular signal-regulated kinases (ERKs 1/2) to elicit it anticancer effects in MCF-7 cells. We are now reporting that another mode of action utilized by VA to regulate cell growth may include membrane permeability and efflux alteration.
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![*Time-dependent Growth.* Cells were plated at a density of 5 × 10^5^ cells/ml and propagated in RPMI 1640 medium supplemented with 10 % FBS (serum) and 1% pen/strep/fungisome mixture for eight days. Duplicate samples were randomly selected and counted using a hemacytometer every 24 h. Each data point represents the mean ± SEM of three independent experiments (N = 6).](ijerph-03-00174f1){#f1-ijerph-03-00174}

![*Inhibition of cell proliferation by VA extracts in the presence and absence of serum.* Cells at the logarithmic growth phase were treated with various concentrations (0--000 μg/ml) VA for 24 h. Followed by cell counts as described under the materials and methods section. Each data point represents the mean of three independent experiments done in duplicates (N=6). \*p \< 0.05, \*\*p \<0.001.](ijerph-03-00174f2){#f2-ijerph-03-00174}

![*Inhibition of DNA synthesis by VA extracts in the presence and absence of serum*. For DNA synthesis in the presence of serum, cells at logarithmic growth phase were treated with various (0--1000 μg/ml) VA for 18 h followed 6 h treatment of 1 μCi/ml \[^3^H\]thymidine. For DNA synthesis in the absence of serum, cells well serum-starved overnight before treatment with VA. \[^3^H\]thymidine uptake was determined as described under the materials and methods section. \* p \<0.05; \*\*p \<0.02; \*\*\*p \<0.01.](ijerph-03-00174f3){#f3-ijerph-03-00174}

###### 

*Effects of V. amygdalina treatment on membrane permeability and efflux.* Cells at logarithmic growth phase were treated with various (0, 30, and 100 μg/ml) VA for 18 h followed 6 h treatment of 1 μCi/ml \[^3^H\]thymidine. The membrane permeability and efflux was determined as described under the material and method section. Each data point represents the mean ± SEM of three independent experiments. \*p \< 0.05; \*\*p \< 0.001.
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